Ivermectin is a macrocyclic lactone produced by *Streptomyces avermitilis*\[[@ref1]\]. It is active at very low dosage against a broad range of internal and external parasites, thus, it is termed a macrolide endectocide. Ivermectin is available for the treatment and control of parasites in cattle, horses, sheep and dogs and cats\[[@ref2][@ref3][@ref5]\]. Recently, ivermectin is used for treating various parasitic infections in humans\[[@ref6][@ref7]\].

All members of avermectins are compounds of a complex structure and high molecular weight (MW\>850). The chemical structure of ivermectin comprises of pentacyclic lactones, tetrahydrofuran, cyclohexane and two sugar rings ([fig. 1](#F1){ref-type="fig"}). Therefore, owing to the complexity of ivermectin chemical structure and size of the molecule, ivermectins could interact with other compounds, antibiotics and chemotherapeutic agents.

![Chemical structure of ivermectin, ampicillin, chloramphenicol and tetracycline HCl.\
The structure of drugs was retrieved from PUBCHEM (<http://pubchem.ncbi.nlm.nih.gov/>). The structure of drugs was visualised by ChemBioDarw (CambridgeSoft, USA)](IJPhS-74-592-g001){#F1}

Chloramphenicol, ampicillin and tetracycline HCl are common antibiotics in the veterinary practice. These antibiotics have multiple routes of administration, including topical, oral or parentral routes. Furthermore, their use is approved for wide range of animals, including food and non-food producing animals.

The possibility of combing or contact of ivermectin with chloramphenicol, ampicillin and tetracycline HCl is highly expected in veterinary field remedies. These drugs are characterised by chemical diversity, wide range of applications, several routes of administration and they are administered in most animal species. All these factors created the doubt about the binding of ivermectin with chloramphenicol, ampicillin and tetracycline HCl. If so, the extent this binding, the binding affinities, the number of molecules from each drug involved and mechanisms in these bindings remains unexplored. For this purpose, we carried out an isothermal titration calorimetry (ITC) experiment using ivermectin as receptor drug, which is titrated with ampicillin, chloramphenicol or tetracycline HCl, which are treated as ligands.

ITC measurements were carried out by using VP-ITC (MicroCal Inc., USA). The ivermectin solution in methanol, at a concentration of 100 μM, was loaded into a 1.4 ml sample cell and titrated with the either of ampicillin, tetracycline HCl or chloramphenicol (10-20 mM) in the 250 μl injection syringe. ITC experiments were performed at 30° with a stirring speed 350 rpm and 300 s duration between each 10 μl injection. Control experiments were performed by injecting the antibiotic solutions into methanol to determine the background heats. The apparent heat change after each injection was determined and corrected for heat of dilution of the antibiotics.

The data was fitted to different curve fitting models assuming a single-set of binding sites, two-sets of binding sites or sequential binding sites models. The results includes the estimation of thermodynamic parameters *K*~a~, association constant; Δ*H*, enthalpy of binding; and *n*, stoichiometry of binding. The binding affinity is given as dissociation constant (*K*~d~=1/*K*~a~). The free energy of binding (Δ*G*) was calculated from the equations: Δ*G*=*RT* ln *K*~a~ and Δ*G*=Δ*H*--*T*Δ*S*, where Δ*S* is the entropy changes.

Isothermal titration calorimetry was initially developed for biophysical and thermodynamic analysis of two interacting partners. Nowadays, by improvement of instrument sensitivity, ITC became a method of choice in the broad range of life sciences, particularly in the field of pharmacological and pharmaceutical sciences\[[@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14]\]. During addition of ligand, it reacts with the macromolecule resulting in the absorption or release of heat, which can be measured by the microcalorimetry instrument. The produced heat is directly proportional to the fraction of bound ligand as well as to the degree of interaction between the interacting populations. The enthalpy change (Δ*H*) is the total heat produced or absorbed during titrations. Measurement of heat changes allow for accurate determination of the binding constant, stoichiometry of interaction and complete thermodynamic profile of the ligand--macromolecule interaction.

Figs. [2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"} show typical titration of ivermectin with the antibiotics ampicillin, chloramphenicol and tetracycline HCl. Figs. [2a](#F2){ref-type="fig"}, [3a](#F3){ref-type="fig"} and [4a](#F4){ref-type="fig"} show the raw data heat changes produced by successive injections of ampicillin, chloramphenicol or tetracycline HCl into ivermectin solution, respectively. Background heat changes were obtained by titration of ampicillin into methanol solution without ivermectin. The raw data of antibiotics-ivermectin titration is represented in red deflection peaks. The raw data of background heat changes (in blue peaks) was aligned with that of antibiotics-ivermectin titration (red peaks). The raw data of back ground heat changes were subtracted from that antibiotics-ivermectin titration to yield the heat changes of antibiotics-ivermectin binding (green peaks). Figs. [2b](#F2){ref-type="fig"}, [3b](#F3){ref-type="fig"}, [4b](#F4){ref-type="fig"}, [2c](#F2){ref-type="fig"}, [3c](#F3){ref-type="fig"} and [4c](#F4){ref-type="fig"} show the integrated binding isotherms as a function of the molar ratio of drugs. The integrated binding isotherm of antibiotics-ivermectin binding is represented in figs. [2c](#F2){ref-type="fig"}, [3c](#F3){ref-type="fig"} or [4c](#F4){ref-type="fig"} (green rectangles in figs. [2b](#F2){ref-type="fig"}, [3b](#F3){ref-type="fig"} or [4b](#F4){ref-type="fig"}) is obtained by subtraction of integrated background heat of antibiotics-methanol titration (blue triangles in figs. [2b](#F2){ref-type="fig"}, [3b](#F3){ref-type="fig"} or [4b](#F4){ref-type="fig"}) from the integrated heat changes of antibiotics-ivermectin binding (red stars in figs. [2b](#F2){ref-type="fig"}, [3b](#F3){ref-type="fig"} or [4b](#F4){ref-type="fig"}).

![ITC profiles of the binding of ampicillin with ivermectin.\
(a) The raw data heat changes produced by successive injections of ampicillin into ivermectin solution. The raw data of ampicillin-ivermectin titration is represented in red deflection peaks. The raw data of background heat changes are represented in blue peaks. The raw data of background heat changes were subtracted from that ampicillin-ivermectin titration to yield the heat changes of ampicillin-ivermectin binding (green peaks). (b) The binding isotherm of ampicillin-ivermectin binding is represented in red stars, background heat in blue triangles and the integrated binding isotherm of ampicillin-ivermectin binding (after subtraction of background heat) in green rectangles. (c) The integrated binding isotherm of ampicillin-ivermectin interaction](IJPhS-74-592-g002){#F2}

![ITC profiles of the binding of chloramphenicol with ivermectin.\
(a) The raw data heat changes produced by successive injections of chloramphenicol into ivermectin solution. The raw data of chloramphenicol-ivermectin titration is represented in red deflection peaks. The raw data of background heat changes are represented in blue peaks. The raw data of background heat changes were subtracted from that chloramphenicol-ivermectin titration to yield the heat changes of chloramphenicol-ivermectin binding (green peaks). (b) The binding isotherm of chloramphenicol-ivermectin binding is represented in red stars, background heat in blue triangles and the integrated binding isotherm of chloramphenicol-ivermectin binding (after subtraction of background heat) in green rectangles. (c) The integrated binding isotherm of chloramphenicol-ivermectin interaction](IJPhS-74-592-g003){#F3}

![ITC profiles of the binding of tetracycline HCl with ivermectin.\
(a) The raw data heat changes produced by successive injections of tetracycline HCl into ivermectin solution. The raw data of tetracycline HCl-ivermectin titration is represented in red deflection peaks. The raw data of background heat changes are represented in blue peaks. The raw data of background heat changes were subtracted from that tetracycline HCl-ivermectin titration to yield the heat changes of tetracycline HCl-ivermectin binding (green peaks). (b) The binding isotherm of tetracycline HCl-ivermectin binding is represented in red stars, background heat in blue triangles and the integrated binding isotherm of tetracycline HCl-ivermectin binding (after subtraction of background heat) in green rectangles. (c) The integrated binding isotherm of tetracycline HCl-ivermectin interaction](IJPhS-74-592-g004){#F4}

From the data of the given figures, we can determine the stoichiometry, binding affinity, the binding enthalpy and entropy. The stoichiometry (the number of antibiotic molecules that can bind to one molecule of ivermectin) is obtained at half saturation value. The binding affinity equals to the slope of the binding curve. The mechanism of antibiotic-ivermectin binding can be concluded by analysing the enthalpy and entropy of binding. The best fit of data was obtained by one set sites model. We tried several other fitting models, e.g., two sets sites model and sequential binding model; however, we obtained values with markedly high errors.

The isothermal titration experiments allowed for determination of the binding affinity between the drugs. Results indicated moderate binding affinity between ivermectin with ampicillin and tetracycline HCl ([Table 1](#T1){ref-type="table"}). The binding of chloramphenicol with ivermectin ![](IJPhS-74-592-g005.jpg) while the binding of ampicillin with ivermectin ![](IJPhS-74-592-g006.jpg) Thus, chloramphenicol binds ivermectin 5-folds stronger than ampicillin. By analysing the isotherms of tetracycline HCl binding, we were unable to detect the binding parameters with certainty. Exothermic signal was obtained, indicating a certain degree of binding can occur. However, the stoichiometry of binding was very low, from which there was error in estimating the binding affinity and other parameters.

###### 

THE THERMODYNAMIC CONSTANTS OBTAINED BY ISOTHERMAL TITRATION CALORIMETRY

![](IJPhS-74-592-g007)

Results indicated that ivermectin binds with the test antibiotics with different stoichiometry. The stoichiometry of ampicillin-ivermectin titration and chloramphenicol-ivermectin titration was 3 and 1.2, respectively. Thus, about three molecules of ampicillin can bind to one molecule of ivermectin and one molecule of chloramphenicol with one molecule of ivermectin. However, no binding stoichiometry can be detected with tetracycline HCl-ivermectin titration. Close inspection of ivermectin-tetracycline titration curve reveals sigmoidal curve, that is binding process may take place. However, the binding constant as well as the thermodynamic parameters was with high standard error.

An endothermic process accompanies the binding of chloramphenicol with ivermectin ([fig. 3c](#F3){ref-type="fig"}). The enthalpic value of chloramphenicol-ivermectin binding (Δ*H*) was +0.019 kcal/mol. The positive sign indicates unfavourable enthalpic conditions, which indicates the lack of electrostatic attraction between chloramphenicol and ivermectin, lack of bond formation and bringing chemically repulsive groups near each other. The value of Δ*S* was 18 cal/K mol, that is, reflecting the change of ivermectin conformation to adapt the binding. In conclusion, the binding of chloramphenicol with ivermectin is accompanied by entropic changes and change in conformation of ivermectin. In contrast, exothermic process accompany the binding of ampicillin with ivermectin that is active interaction is present between the two molecules including exchange of hydrogen atoms and bonding. The positive Δ*S* is also an indicative for changes in ivermectin conformation.

The presence of other drugs was found to affect the bioavailability of ivermectin. For instance, the serum levels of ivermectin were affected if given with danoflxacin, dexamethasone and florfenicol\[[@ref15][@ref16][@ref17]\]. To the best of our knowledge, there is no available data regarding the change in pharmacokinetics or drug bioavailability of ivermectin, if given in combination with chloramphenicol or ampicillin. Furthermore, the binding properties and interaction of these drugs is not previously studied. In general, the binding interaction between two or more of chemotherapeutics is not well understood.

In this report, we provide evidence that there is a binding interaction between ivermectin and two commonly used antibiotics, chloramphenicol and ampicillin. This result is considered as the first study of this type of interaction and is considered as a primer for further studies of ivermectin and other antibiotics interactions.
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